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Oxidation mechanismA comparative study of the oxidation behavior of Cr2N and CrN coatings was investigated in air at tempera-
tures ranging from 700 °C to 1000 °C including phase structure, surface and cross-sectional morphologies,
oxidation kinetics and mechanism. During oxidation, the dense Cr2O3 scales form both on the Cr2N and
CrN coatings. The Cr2N phase transforms to CrN phase, which is accompanied with 20% volume expansion
in transverse. This volume expansion induces the porous and non-columnar cross-sectional morphology of
the Cr2N coating. The worse oxidation resistance of the Cr2N coating compared with the CrN coating is attrib-
uted to its higher chromium content and phase transformation induced porous structure. The oxidation acti-
vation energy values are 139 and 190 kJ/mol for the Cr2N and CrN coatings respectively, which is comparable
to the literature results. Marker experiments prove that the growth of Cr2O3 scales is controlled by both the
outward diffusion of chromium and inward diffusion of oxygen and the outward diffusion of chromium is
dominated.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Comparedwithwidely used TiN coatings, CrN coatings exhibit lower
friction coefficient, higher toughness, better corrosion and oxidation re-
sistance, whichmake them promising candidates as protective coatings
formachining tools and engineering components [1,2]. In such industri-
al applications, the coatings are often exposed to an oxidizing atmo-
sphere at high temperature, inducing oxidation of the coatings which
significantly deteriorates mechanical and tribological properties of the
coatings. Therefore, it is necessary to look into the oxidation behavior
of the CrN coatings under high temperature.
Two kinds of chromium nitride Cr2N and CrN coatings can be de-
posited by controlling the nitrogen flow [2–4]. Despite the fact that
the hardness of the Cr2N coating is higher than that of the CrN coat-
ing, the oxidation resistance of the Cr2N coating is worse than that
of the CrN coating according to the comparative studies of oxidation
behavior of the two coatings [5–8]. Such studies were carried out by
using the thermogravimetric analysis (a measurement of weight
gain) and Rutherford backscattering spectrometry (RBS) (a measure-
ment of scale thickness) to explore the oxidation kinetics and mech-
anism of the Cr2N and CrN coatings. However, surface and cross-
sectional morphological changes of the Cr2N and CrN coatings during
oxidation have been less dealt with, while the morphologies are con-
sidered to be important for understanding the oxidation behavior of
the hard coatings [9]. Therefore, this study aims to investigate the
surface and cross-sectional morphologies of the two coatings afterrights reserved.oxidation. Phase transformation, oxidation kinetics and mechanism
are discussed as well based on this study and previous reported
results.
2. Experiment details
The Cr2N and CrN coatings were deposited on silicon (111) wafers
using aDCmagnetron sputtering technique in anAr andN2 atmosphere.
Chromium target of 99.95% puritywas used and the diameter of the tar-
get was 76 mm. The base pressure was below 6.0×10−4 Pa. During de-
position, the working pressure was kept at 0.3 Pa and the total gas flow
was 60 SCCMwith nitrogen flow percentage N2/(N2+Ar) fixed at 20%
(Cr2N) and 60% (CrN). The DC power was adjusted to 250 W and depo-
sition temperature was set at 300 °C. No bias was applied to the sub-
strates. The working distance was fixed at 90 mm. The deposition
timewas set at 30 and 60 min for the Cr2N and CrN coatings tomaintain
the thickness of ~2.0 μm. The ZrN coating was deposited at the same
chamber, and the zirconium target of 99.99% purity was used. During
deposition, the working pressure was kept at 0.5 Pa with nitrogen
flow percentage fixed at 20%. The deposition time was set at 90 min
for the ZrN coating with the thickness of ~1.7 μm. Other deposition pa-
rameters of the ZrN coating were the same with those of the Cr2N and
CrN coatings. The detailed preparation process of the ZrN coating can
also be obtained in our previous literatures [10,11]. After deposition,
the Cr2N and CrN coatings were oxidized in air for 2 h in a quartz tube
furnace at temperatures ranging from 700 °C to 1000 °C at 5 °C/min,
while the oxidation temperature of the ZrN coating was 650 °C.
Crystal structure of the coatings before and after oxidation was in-
vestigated by Panalytical X'pert PRO grazing incidence X-ray diffraction
Fig. 1. The GIXRD patterns of the Cr2N (a) and CrN (b) coatings before and after oxidation
in air for 2 h at various temperatures ranging from 700 °C to 1000 °C.
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of 5°. Raman spectra of the coatings were acquired using a Xplora
Raman system (HORIBA, France). The excitation wavelength used was
a 532 nm (20 mW) He–Ne laser. Field emission scanning electron mi-
croscopy (FESEM, LEO-1530, Germany) operated at 20 kV was used to
observe the surface and cross-sectional morphologies.
In order to understand the oxidation mechanism of the Cr2N and
CrN coatings, marker experiments were performed by depositing a
5 nm thick Au film on the surface of the coating using electric beam
physical vapor deposition. The coatings with Aumarkers were oxidized
at 900 °C for 2 h in air in the quartz tube furnace. After oxidation, the
content and depth profile of Au were investigated using X-ray photo-
electron spectroscopywith sputter etching. The sputtering ratewas cal-
ibrated using standard SiO2 films. If the oxide scale growth was
controlled only by outward diffusion of metal cations, the Au marker
after oxidation would be at the oxide/nitride interface. If, on the other
hand, the scale growth was controlled exclusively by inward diffusion
of oxygen, the Au markers would remain on the surface of the coatings
[6].
3. Results and discussion
3.1. Thermodynamic analysis
During oxidation of the Cr2N and CrN coatings at the temperatures























N2 ¼ 2CrN: ð3Þ
The Gibbs free energy changes of the reactions are given by










ΔG Tð ÞR 3ð Þ ¼ ΔG0 þ RT ln pN2−2=3
 
¼ 0:0794T−106 ð6Þ
where, the values of PO2 and PN2 are 0.21 atm and 0.78 atm in air, R is
the gas constant (8.314 JK−1 mol−1), T is absolute temperature. The
standard Gibbs free energy changes ΔG0 are taken from the NIST-
JANAF thermochemical tables [12]. As predicted by thermodynamics,
reactions (1) and (2) are thermodynamically favorable. The corre-
sponding temperature at which Cr2N is in equilibrium with CrN is
1060 °C calculated from Eq. (6). Namely, under non-oxidative condi-
tions, the Cr2N coating is thermodynamically stable above 1060 °C,
whereas the CrN coating is stable below that temperature.
3.2. Phase structure
Fig. 1 illustrates the GIXRD patterns of the Cr2N [Fig. 1(a)] and CrN
[Fig. 1(b)] coatings before and after oxidation. The JCPDS cards used in
this study are 76-2494 (CrN), 35-0803 (Cr2N) and 38-1479 (Cr2O3) re-
spectively. The Cr2O3 peaks show up after oxidation at 700 °C. The inte-
grated intensity of the strong diffraction peaks Cr2O3 (012) and (110)
increases with increasing oxidation temperature, while the integrated
intensity of Cr2N (110), (111) and CrN (111), (220) decreases. Further-
more, in Fig. 1(a), besides diffraction peaks of Cr2N and Cr2O3, CrN (200)peak is also observed above 700 °C. Further increasing oxidation tem-
perature results in an increase intensity of the (200) CrN peak and con-
versely a decrease of the (111) Cr2N peak. Thus, it is concluded that
Cr2N transforms to CrN phase under high temperature following reac-
tion (3). As the oxidation temperature above 900 °C, CrN becomes the
dominated nitride phase. In Fig. 1(b), no peak ascribed to Cr2N is
obtained in the whole temperature range. These observations are con-
sistent with the above thermodynamic prediction and previous studies
[8,13–15]. The occurrence of reaction (3) is attributed to the behavior of
Cr2O3 to act as a diffusion barrier for N2 releasing and an increasing Cr
depletion of the Cr2N coatings during oxidation [8,13].
The Raman spectra of the Cr2N and CrN coatings before and after ox-
idation are exhibited in Fig. 2(a) and Fig. 2(b). As seen in Fig. 2(a), the
oxidation products of the Cr2N coating show peaks at 553 and
610 cm−1, characteristic peaks of Cr2O3 [15], illustrating that the Cr2N
begins to oxidize at 700 °C. The intensities of these two peaks increase
and correspondingly more Cr2O3 scales form with increased oxidation
temperature. The peak ~530 cm−1 shows up at 700 °C in Fig. 3(a), char-
acteristic peak of CrN [16,17]. It means that CrN forms during oxidation
following reaction (3). This is consistent with the GIXRD results. Similar
to the Raman spectra of Cr2N after oxidation, the CrN also begins to ox-
idize at 700 °C at 553 and 610 cm−1, while the Cr2O3 553 cm−1 peak is
overlapped with the CrN 530 cm−1 peak. More Cr2O3 scales form at a
higher oxidation temperature. After oxidation at 1000 °C, the Raman
signal of silicon (~522 cm−1) appears. At 1000 °C, the peeling off of
Fig. 2. The Raman spectra of the Cr2N (a) and CrN (b) coatings before and after
oxidation.
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mal expansion coefficient between Cr2O3 (9.55×10−6 K−1) and CrN
(2.3×10−6 K−1) [15,18]. Thus, the Raman signal of silicon must come
from the exposed silicon substrate. It is worth noting that the peaks at
309, 350 and 398 cm−1 are found both in the Cr2N and CrN coatings.Fig. 3. The surface morphologies of the Cr2N anThese peaks belong to both CrN and Cr2O3 [15–17]. However, since the
intensities of these peaks increase with increasing temperature, these
peaks are more likely origin from the Raman vibration modes of Cr2O3.
3.3. Surface and cross-sectional morphologies
Fig. 3 illustrates the surface morphologies of the Cr2N and CrN coat-
ings before and after oxidation. During oxidation, the surface morphol-
ogies change from as-deposited taper and triangular sheet structure to
Cr2O3 granular and faceted structure. The Cr2O3 grain size increases
with increasing oxidation temperature and could reach as large as
1 μm at 1000 °C due to the grain coalescence effect [15].
Fig. 4 displays the cross-sectional morphologies of the Cr2N and CrN
coatings before and after oxidation (red line is an oxide/nitride inter-
face). The as-deposited Cr2N and CrN coatings exhibit similar columnar
structure with almost the same thickness of 2.0 μm. Dense and protec-
tive oxide scales are observed after oxidation above 700 °C for Cr2N and
800 °C for CrN. The thickness of the Cr2O3 scales increases with increas-
ing oxidation temperature. At the same oxidation temperature, the
thickness of Cr2O3 scale formed on the Cr2N coating is higher than
that on the CrN coating, which further confirms the poorer oxidation re-
sistance of the Cr2N coating with respect to the CrN coating. Higher
chromium content is proposed to account for the poorer oxidation re-
sistance of the Cr2N coating, compared with the CrN coating [5–8].
The molar volume ratio VCr2O3:VCr2N and VCr2O3:VCrN are 1.61 and 1.36,
which are comparable to VZrO2:VZrN 1.47, VTiO2:VTiN 1.74 calculated by
using the data from the handbook [18]. Under the large volume expan-
sion, however, dense oxide scales formed on the Cr2N and CrN coatings
are obtained, which is different from porous oxide scales formed on the
TiN and ZrN coatings after oxidation [19,20]. This is attributed to the dif-
ferent oxide scale growth modes. The growth of TiO2 and ZrO2 scales is
controlled by inward diffusion of oxygen [20,21], whereas the growth of
Cr2O3 scales ismainly dominated by outward diffusion of chromium (as
discussed below). Furthermore from Fig. 4, some pores behind the
oxide/nitride interface are observed for the Cr2N coating after oxidation
at 700–1000 °C and the CrN coating at 1000 °C. This behavior was also
found during oxidation of bulkmetals [22]. It is supposed that theN2 re-
leased by reactions (1) and (2) is accumulated behind the oxide/nitride
interface due to the nitrogen barrier of Cr2O3 [8,20].
For the CrN coatings after oxidation, un-oxidized nitride layers can
still keep the dense columnar structure similar with as-deposited coat-
ing. However, for the Cr2N coatings after oxidation, columnar structure
is destroyed and un-oxidized nitride layers become porous. Therefore
it is expected that even though the Cr2N has almost completely
transformed to the CrN above 900 °C (from GIXRD and Raman results),
this CrN layer formed through phase transformation cannot sustaind CrN coatings before and after oxidation.
Fig. 4. The cross-sectional morphologies of the Cr2N and CrN coatings before and after oxidation (the red line is the oxide/nitride interface).
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sult of the porous structure. The explanation of the porous structure is
that under high temperature, the pores accumulated behind the
oxide/nitride interface may further diffuse into the coatings [8]. Here,
another probable reason is proposed. For the Cr2N coatings during oxi-
dation, reaction (3) occurs. The molar volume ratio VCrN:VCr2N is ~1.20
calculated by using the data from the handbook [18]. Moreover, the N2
released by the oxidation reactions will diffuse inward into the nitride
layer, since the outward releasing is inhibited by the Cr2O3 scales. There-
fore, the 20% volume expansion in transverse would cause the porous
structure of the Cr2N coatings. This explanation is confirmed by the re-
sults of XRD (Fig. 1(a)), Raman (Fig. 2(a)) and cross-sectional morphol-
ogies (Fig. 4). At 700 °C, only a small amount of Cr2N transforms to CrN
and the cross-sectional morphology can still keep columnar structure.
At 800 °C, a majority of Cr2N transforms to CrN and meanwhile the ni-
tride layer becomes porous and the columnar structure almost disap-
pears. In case of the CrN coatings, reaction (3) does not occur and
therefore the columnar structure is preserved. Additionally, this volume
expansion may also induce the formation of pores behind the oxide/
nitride interface. So, that is why the amount of pores of the Cr2N coating
is muchmore than that of the CrN coating after oxidation. In conclusion,
besides the higher chromium content (proposed by previous studies
[5–8]), phase transformation induced porous structure could be another
important factor accounting for the worse oxidation resistance of the
Cr2N coatings compared with the CrN coatings.3.4. Oxidation kinetics and mechanism
It has been reported that the oxidation of the Cr2N and CrN hard
coatings follows a parabolic relation by thermogravimetric, Auger




kp Tð Þ  t
q
ð7Þ
where d is the thickness of the Cr2O3 scales from the cross-sectional
observation, and t is oxidation time (2 h, here). The parabolic rate
constant of the Cr2N coating is about one order of magnitude higher
than that of the CrN coating at the same oxidation temperature (as
shown in Fig. 5(a)), stating clearly worse oxidation resistance of the
Cr2N coating compared with the CrN coating.
The temperature dependence of the parabolic rate constant is de-
duced from the Arrhenius equation:





where kp0 is a constant, R is gas constant, T is absolute temperature, Ea
is the activation energy of oxidation. Fig. 5(a) shows the Arrhenius
plot ln kp(T) vs. 1/T for the Cr2N and CrN coatings in this study and
data from previous studies. From the slope of the linear-regression,
the values of the activation energy of the Cr2N and CrN coatings are
calculated to be 139 and 190 kJ/mol respectively. Our values are com-
parable to previous reported results, 116, 141, 195 [25], 110 [15], 150
[23], 163 [26], 225 [27], 131.7 [7], 162.7 [9] 186 kJ/mol [28] for CrN,
123 kJ/mol for Cr2N [24] and 157 kJ/mol for mixture CrN and Cr2N
[29]. Irrespective of the different oxidation conditions and measure-
ment methods, these deviations may be related to differences in mor-
phology and stoichiometry of the chromium nitride coatings, which
strongly depend on the deposition process [7,15,26]. In addition, we
suggest the phase transformation between Cr2N and CrN as another
important reason accounting for the deviations.
Fig. 5. (a) Arrhenius plot ln kp(T) vs. 1/T for the Cr2N and CrN coatings based on this
study and previous studies, (b) the Au atomic content with the distance from the sur-
face of the Cr2N, CrN and ZrN coatings.
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trolled by outward diffusion of chromium, since the oxidation activa-
tion energies of the Cr2N and CrN coatings are similar with those of
the self-diffusion of chromium in Cr2O3 [7]. However, such suggestion
is questionable due to the scattering results of oxidation activation
energies (from 116 to 225 kJ/mol as listed above) [7]. Therefore the
Au marker experiments were performed on the Cr2N, CrN and ZrN
coatings to provide direct evidences of the oxidation mechanism.
Here, we used the ZrN coating as a reference, since it is generally ac-
cepted that the oxide scale growth of the ZrN coating is controlled by
inward diffusion of oxygen [21,30]. The Au atomic content with the
distance from the surface is shown in Fig. 5(b). For the ZrN coating,
the Au atomic content on the surface is ~40%, and the atomic content
significantly decreases with increasing depth from the surface. As the
depth higher than 20 nm, no Au is obtained. This indicates that the
oxide scale growth of the ZrN coating is controlled by inward diffu-
sion of oxygen. For the Cr2N and CrN coatings, the atomic content of
Au on the surface is ~5%, the atomic content of Au slightly decrease
with increasing depth from the surface. More than 1 at.% Au still
can be obtained as the depth higher than 50 nm. Although the Aumarker remains on the surface after oxidation, the amount is much
less than the ZrN coatings. Furthermore, inward diffusion of Au into
the Cr2O3 scales is also obtained. As a result, the oxide scale growth
of the Cr2N and CrN coatings is controlled by both the outward diffu-
sion of chromium and inward diffusion of oxygen and the outward
diffusion of chromium is dominated.
4. Conclusions
A comparative study of the oxidation behavior of Cr2N and CrN
coatings was investigated by using grazing incidence X-ray diffraction
(GIXRD), Raman scattering, field emission scanning electron micros-
copy (FESEM) and gold marker experiments. The GIXRD and Raman
reveal that the oxidation of the Cr2N coating produces two phases,
Cr2O3 and CrN, while only Cr2O3 formed for the CrN coating, since
the formation of Cr2O3 and CrN is thermodynamically favorable. The
diffusion barrier of Cr2O3 for N2 releasing also contributes to the
phase transformation from Cr2N to CrN. During oxidation the surface
morphologies change from as-deposited taper and triangular sheet
structure to Cr2O3 granular and faceted structure, accompanying
with Cr2O3 grain growth at higher temperature. The Cr2O3 scales ex-
hibit dense structure and the oxide thickness of the Cr2N coating is
thicker than that of the CrN coating. The poorer oxidation resistance
of the Cr2N coating compared with the CrN coating is attributed to
its higher chromium content and porous structure induced by phase
transformation accompanying with 20% volume expansion. The acti-
vation energy values during oxidation are 139 and 190 kJ/mol for
the Cr2N and CrN coatings respectively, which is comparable to the
literature results. Marker experiments prove that the growth of
Cr2O3 scales is controlled by both the outward diffusion of chromium
and inward diffusion of oxygen and the former is dominated.
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